An attractive strategy to overcome multidrug resistance in cancer chemotherapy is to suppress P-glycoprotein (P-gp), which is a pump overproduced in cancer cells to remove cytotoxic drugs from cells. In the present study, a Ca 2+ -permeable channel TRPC5 was found to be overproduced together with P-gp in adriamycin-resistant breast cancer cell line MCF-7/ADM. Suppressing TRPC5 activity/expression reduced the P-gp induction and caused a remarkable reversal of adriamycin resistance in MCF-7/ADM. In an athymic nude mouse model of adriamycin-resistant human breast tumor, suppressing TRPC5 decreased the growth of tumor xenografts. Nuclear factor of activated T cells isoform c3 (NFATc3) was the transcriptional factor that links the TRPC5 activity to P-gp production. Together, we demonstrated an essential role of TRPC5-NFATc3-P-gp signaling cascade in P-gp induction in drug-resistant cancer cells.
An attractive strategy to overcome multidrug resistance in cancer chemotherapy is to suppress P-glycoprotein (P-gp), which is a pump overproduced in cancer cells to remove cytotoxic drugs from cells. In the present study, a Ca 2+ -permeable channel TRPC5 was found to be overproduced together with P-gp in adriamycin-resistant breast cancer cell line MCF-7/ADM. Suppressing TRPC5 activity/expression reduced the P-gp induction and caused a remarkable reversal of adriamycin resistance in MCF-7/ADM. In an athymic nude mouse model of adriamycin-resistant human breast tumor, suppressing TRPC5 decreased the growth of tumor xenografts. Nuclear factor of activated T cells isoform c3 (NFATc3) was the transcriptional factor that links the TRPC5 activity to P-gp production. Together, we demonstrated an essential role of TRPC5-NFATc3-P-gp signaling cascade in P-gp induction in drug-resistant cancer cells.
A serious problem for cancer chemotherapy is the development of multidrug resistance in tumor cells. Many tumor cells overproduce a 170-kDa protein named P-glycoprotein (P-gp) during treatment. P-gp, coded by mdr1 gene, functions to pump different classes of cytotoxic drugs from tumor cells, rendering the tumor cells resistant to multiple chemotherapeutic drugs (1) . P-gp overproduction has been reported in many tumors and in vitro-selected, drug-resistant cell lines (1) . In clinical medicine, an attractive approach to overcome the multidrug resistance in cancer chemotherapy is to inhibit P-gp activity (1) . In this regard, many P-gp antagonists (also named P-gp modulators) have been developed to inhibit P-gp activity. These modulators may be of clinical importance, because their coadministration with chemotherapeutic drugs has the potential to improve drug uptake into the P-gpoverproducing tumor cells, thereby reversing the multidrug resistance of tumor cells (1) . Unfortunately, most of these drugs are either too toxic or induce intolerable pharmacokinetic interactions (1) . Their clinical use is limited. It is highly desirable to find new agents that are more effective and less toxic.
Cytosolic Ca 2+ ([Ca 2+ ] i ) is an important signal for transcriptional regulation of P-gp (2) (3) (4) . Research has shown that chelation of Ca 2+ by 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid abrogates the P-gp induction exerted by many drugs, whereas thapsigargin, which increases [Ca 2+ ] i by inhibiting the sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase, enhances P-gp production (2, 3) . Furthermore, a panel of different Ca 2+ channel antagonists was found to reduce the P-gp expression (4) .
TRP channels are a group of cation channels that play key functional roles in diverse physiological processes, including thermosensation, vascular tone regulation, and bone formation (5) . Several TRP isoforms, including TRPM8, TRPV6, TRPV1, and TRPM1, have been shown to be involved in cancer pathogenesis (6) . It has been suggested that TRPM8, TRPV6, and TRPV1 are oncogenic, whereas TRPM1 performs a tumor-suppressing function (6) . These TRP channels are all Ca 2+ -permeable (5). The role of these TRP channels in cancer may involve changes in [Ca 2+ ] i (6) . However, to date there is still no report on TRP channel involvement in multidrug resistance and/or P-gp production.
In the present study we explored the role of TRPC channels in Pgp production and drug resistance. TRPC5 expression was found to be substantially up-regulated in the adriamycin-resistant breast cancer cell line MCF-7/ADM. Inhibition of TRPC5 caused a marked reduction in P-gp expression, leading to a reversal of adriamycin resistance in MCF-7/ADM cells. In animal models, suppressing TRPC5 activity/expression reversed the adriamycin resistance of solid tumors that were formed by MCF-7/ADM cell inoculation.
Results

Up-Regulation of P-gp and TRPC5 in Adriamycin-Resistant Human
Breast Cancer Cells MCF-7/ADM. Adriamycin is a frequently used chemotherapeutic drug in the treatment of breast cancer (7) . Adriamycin binds to DNA and thereby blocks DNA replication and transcription, causing cytotoxicity to tumor cells (8) . Adriamycin-resistant human breast cancer cells (MCF-7/ADM) were obtained by treating MCF-7/WT cells with stepwise increasing concentrations of adriamycin over 8 mo. Western blot analysis was performed to determine the P-gp protein expression level. A very high level of P-gp expression (molecular mass ∼170 kDa) was detected in MCF-7/ADM cells, whereas only a low level of P-gp expression was detected in its parental line MCF-7/WT (Fig. 1A) .
Expression of TRPC proteins was examined. TRPC5 expression (molecular mass ∼110-120 kDa) was substantially higher in MCF-7/ADM cells than in MCF-7/WT cells (Fig. 1B) . Immunostaining showed that TRPC5 was mostly localized at cell surface and in some puncta or vesicular structures near the cell surface (Fig. S1 ). The expression of several other TRPC isoforms, including TRPC1, TRPC3, TRPC4, and TRPC6, showed no difference between MCF-7/ADM and MCF-7/WT cells (Fig. S2 ). TRPC2 is a pseudogene in human, therefore it was not studied. In Western blots, β-tubulin was used as an internal control to ensure that a similar amount of proteins was loaded onto different gel lanes ( Fig. 1 A and B) .
Time course study showed that up-regulation of P-gp and TRPC5 could be found as early as 6 wk after adriamycin treatment ( Fig. S3) . The up-regulation became higher by week 9 and even higher at 8 mo ( Fig. 1 A and B and Fig. S3 ). We also established a paclitaxel-resistant MCF-7 cell line (MCF-7/PTX) by treating MCF-7/WT cells with stepwise increasing concentrations of paclitaxel over 10 mo. The expression of P-gp and TRPC5 was also found to be markedly higher in MCF-7/PTX than in MCF-7/WT cells (Fig. S4 ).
Functional Presence of TRPC5 in MCF-7/ADM Cells. Functional existence of TRPC5 was determined by patch clamp and [Ca 2+ ] i measurement. TRPC5 is activated by hypotonicity (9) . In patch clamp recording, the whole-cell current under hypotonicity was much larger in MCF-7/ADM than in MCF-7/WT cells (Fig. 1C) . This current displayed a double-rectifying current-voltage relationship, which is typical of TRPC5 (10) . The whole-cell current diminished in MCF-7/ADM cells that were pretreated with a TRPC5-specific blocking antibody, T5E3 (11) (Fig. 1 D and E) . Application of 2-aminoethoxydiphenylborate (2-APB), a commonly used TRPC5 pharmacological antagonist, also reduced the wholecell current (Fig. 1E) . A dominant-negative TRPC5 construct (TRPC5-DN) was used to disrupt the function of endogenous TRPC5 (12) , whereas a TRPC5-specific siRNA was used to suppress the expression of TRPC5. Transfection of MCF-7/ADM cells with TRPC5-DN or TRPC5-siRNA diminished the whole-cell current (Fig. 1E) . As controls, pretreatment of the cells with preimmune IgG or transfection with an empty plasmid or a scrambled siRNA had little effect on the whole-cell current (Fig. 1E) . Immunoblots confirmed that the TRPC5-siRNA could effectively knock down the expression of TRPC5 proteins by 73% ± 4% (Fig. S5) .
Because P-gp could pump Ca
2+
-sensitive fluorescence dyes out of the cells (13) ] i rise in MCF-7/ADM cells was inhibited by T5E3 and TRPC5-DN, indicating the involvement of TRPC5 (Fig. 1F) .
Effect of TRPC5 Suppression on P-gp Expression. A possible role of TRPC5 in controlling P-gp expression was explored. Inhibition of TRPC5 by T5E3 (11) or 2-APB (16) suppressed the P-gp expression in a concentration-dependent manner in MCF-7/ADM cells ( Fig.  2 ). TRPC5-DN and TRPC5-siRNA also caused a similar reduction in P-gp expression in MCF-7/ADM cells ( Fig. 2) . In contrast, knocking down P-gp had no effect on TRPC5 expression (Fig. S6) . As a control for T5E3, preimmune IgG treatment had no effect on P-gp expression (Fig. 2 ). Mock transfection with an empty plasmid or a scrambled siRNA also had no effect on P-gp expression (Fig.  2) . siRNAs targeted against TRPC1, TRPC3, TRPC4, TRPC6, stromal interaction molecule 1 (STIM1), and Orail were also developed (Fig. S7 ). Most of these siRNAs had no effect on P-gp expression (Fig. S7 ). The only exception was Orail-siRNA, which was able to cause a moderate reduction in P-gp expression (∼25%) (Fig. S7 ). In comparison, suppressing/inhibiting TRPC5 with T5E3, TRPC5-DN, or TRPC5-siRNA had a much larger effect on P-gp expression (∼75-80% reduction) ( Fig. 2) than that of Orai1-siRNA.
Presumably, the role of TRPC5 in stimulating/maintaining P-gp overproduction may be related to Ca 2+ entry through TRPC5. Normal culture medium contains growth factors, which are known to stimulate TRP channel activity (17) . Application of human fibroblast growth factor (hFGF) was found to induce a [Ca 2+ ] i rise in MCF-7/ADM cells ( In data summary (B), relative expression is shown, in which the intensity of bands for P-gp was divided by corresponding β-tubulin band.
Values are means ± SE of four experiments. # P < 0.05 vs. control. (Fig. S8 ). Orai1-siRNA and TRPC1-siRNA also slightly reduced the hFGF-induced [Ca 2+ ] i rise, whereas TRPC3-siRNA, TRPC4-siRNA, TRPC6-siRNA, and STIM1-siRNA had no effect (Fig.  S8) . Involvement of Orail in hFGF-induced [Ca 2+ ] i rise agrees with its role in P-gp production (Fig. S7) , but TRPC1-mediated Ca 2+ influx might not be important for P-gp production (Fig. S7) . Because TRPC5 played a much more important role than Orail in determining P-gp expression, we only focused on TRPC5 in latter study.
Effect of TRPC5 Suppression on Subcellular Distribution of Adriamycin and Adriamycin Resistance. Adriamycin has natural red fluorescence (7). Subcellular distribution of adriamycin was monitored by a confocal laser-scanning microscope as previously reported (7) . As expected, adriamycin was found to be mostly accumulated inside the nucleus in MCF-7/WT cells (Fig. 3A) , similar to the results reported by others (7) . In MCF-7/ADM cells, adriamycin accumulation was much lower, with most of residual adriamycin located near cell peripheral regions but not in nucleus (Fig. 3 A and B) . This was expected, because P-gp would pump adriamycin out of cells in adriamycin-resistant cells (7) . Interestingly, inhibiting TRPC5 activity or suppressing TRPC5 expression using T5E3, TRPC5-DN, TRPC5-siRNA, or 2-APB resulted in adriamycin reaccumulation in the nucleus of MCF-7/ ADM cells (Fig. 3 B and C) . These data agree with the notion that TRPC5 is important for P-gp function.
We next explored the possibility of whether inhibiting TRPC5 could reverse the drug resistance to adriamycin in MCF-7/ADM cells. Results from MTT assays showed that MCF-7/ADM cells were much more resistant to adriamycin-induced cell death (Fig.  4) than MCF-7/WT. MCF-7/ADM cells displayed a 630-fold higher resistance to adriamycin than MCF-7/WT, as determined by MTT cytotoxicity assay. MCF-7/ADM cells also displayed resistance to many other chemotherapeutic drugs, including paclitaxel, epirubicin, vincristine, and mitoxantrone (Table S1) . Administration of T5E3, TRPC5-DN, TRPC5-siRNA, or 2-APB caused a remarkable reversal of adriamycin resistance in MCF-7/ ADM cells, with respective adriamycin IC 50 values decreased by 172-fold, 106-fold, 92-fold, and 207-fold, respectively (Fig. 4 A and B and Fig. S9 A and B) . T5E3 or TRPC5-DN also reversed the resistance to paclitaxel in MTT assay (Fig. S10) .
Effect of TRPC5 Antagonists on the Growth of MCF-7/ADM Tumor
Xenografts. An animal model of human breast tumor was established by inoculating MCF-7/ADM cells in athymic nude mice (BALB/cAnNCr-nu/nu) using the method developed by others (18) . The tumor continued to grow in size under adriamycin treatment, indicating adriamycin resistance (Fig. 4 C and D and Fig. S9 C and D) . Immunostaining showed that TRPC5 and P-gp were abundantly coexpressed in the tumor, as determined by serial sections of the same tumor (Fig. S11E) . Injection of T5E3, a lentivirus carrying TRPC5-DN (lenti-TRPC5-DN), TRPC5-siRNA, or 2-APB at tumor sites substantially reduced the tumor growth (Fig. 4 C and D and Fig. S9 C and D) . Immunohistochemistry also confirmed that the P-gp expression was substantially reduced in T5E3-, lenti-TRPC5-DN-, TRPC5-siRNA-, or 2-APB-treated tumor xenografts (Fig. S11 A-D) .
The growth of tumor xenografts was also resistant to paclitaxel, another common cancer chemotherapeutic drug structurally unrelated to adriamycin (Fig. S10) . Similarly, paclitaxel-resistant tumor growth was markedly reduced by tumor site injection of T5E3, lenti-TRPC5-DN, TRPC5-siRNA, or 2-APB (Fig. S10) .
Involvement of NFATc3 in P-gp Induction. Real-time PCR was used to compare P-gp expression at the mRNA level between MCF-7/ ADM and MCF-7/WT cells. The results demonstrated a much higher expression level of P-gp mRNA in MCF-7/ADM than in MCF-7/WT cells (Fig. 5A) . Search in the primary nucleotide sequence using the TFSEARCH database identified a potential binding site for a Ca 2+ -dependent transcription factor NFAT (nuclear factor of activated T cells) (Fig. 5B) . The binding site is located in the 5′ upstream region of mdr1 transcription initiation site at the position −537 to −542 nt (Fig. 5B) . VIVIT, FK506, and cyclosporin A (19, 20) were used to inhibit NFAT activity. The results show that all three inhibitors dose-dependently reduced P-gp protein expression (Fig. 5C ). In the absence of NFAT inhibitors, cellular adriamycin accumulation was lower and located near cell peripheral regions but not in nucleus in MCF-7/ADM cells (Fig. S12) . NFAT inhibitors induced a reaccumulation of adriamycin in the nucleus (Fig. S12) . In MTT assays, these inhibitors caused a remarkable reversal of adriamycin resistance, making MCF-7/ADM cells sensitive to adriamycin-induced cell death again (Fig. 5D) .
There are four isoforms of NFAT, NFATc1-4. Luciferase reporter assay was used to determine the specific NFAT isoform(s) involved. The 5′ flanking 800-bp fragment, which is located upstream of mdr1 transcriptional initiation site and contains mdr1 promoter and enhancers, was cloned into the luciferase reporter vector to "report" the transcriptional activity of mdr1 promoter. We used an HEK293 cell line that was stably expressing TRPC5, and the cells were incubated with carbachol to stimulate TRPC5 activity. The cells were further transfected with a specific NFAT isoform together with the luciferase reporter vector carrying the 5′ flanking 800-bp sequence of mdr1 gene. The results demonstrated that NFATc3 stimulated the transcriptional activity of mdr1 promoter in these cells, whereas other NFAT isoforms failed to so do ( Fig. 6A and Fig. S13 ). Importantly, deletion of a putative NFAT binding site at −537 to −542 nt (ΔTTTTCC) in the 5′ flanking region of mdr1 gene abrogated the NFATc3-mediated activation of P-gp transcription (Fig. 6A) . NFAT is a Ca 2+ -dependent transcription factor. A rise in [Ca 2+ ] i is expected to induce NFAT translocation from cytosol to nucleus, where it stimulates gene transcription (21) . Indeed, in HEK293 cells that were cotransfected with TRPC5 and GFP-tagged NFATc3, stimulation of TRPC5 with carbachol induced a time-dependent NFATc3 translocation from cytoplasm to nucleus (Fig. 6 B and C) . In control cells that were transfected with empty plasmid without TRPC5, carbachol application failed to induce NFAT nuclear translocation (Fig. 6C ). Together these results established a signaling cascade involving TRPC5, NFATc3 nuclear translocation, and P-gp production.
Discussion
The major findings of this study are as follows: (i) TRPC5 and P-gp expression were substantially up-regulated in the adriamycin-resistant breast cancer cell line MCF-7/ADM. (ii) Suppressing TRPC5 activity/expression with T5E3, TRPC5-DN, TRPC5-siRNA, or 2-APB caused a marked reduction in P-gp protein expression in MCF-7/ADM cells. These treatments also altered adriamycin distribution at the subcellular level, resulting in adriamycin reaccumulation in nucleus. In MTT assay, these treatments, to a great extent, reversed the adriamycin resistance of MCF-7/ADM cells. (iii) Injection of T5E3, lenti-TRPC5-DN, TRPC5-siRNA, or 2-APB at the tumor site reversed the adriamycin resistance of tumor xenografts that were formed by inoculating MCF-7/ADM cells in athymic nude mice, causing significant reduction in tumor size. (iv) Inhibiting NFAT in MCF-7/ADM cells also reduced P-gp protein expression, induced a reaccumulation of adriamycin in nucleus, and reversed the adriamycin resistance in MTT cell death assay. (v) In luciferase reporter assay, NFATc3 stimulated the transcriptional activity of mdr1 promoter, the effect of which was abrogated by deleting an NFAT binding site at the 5′ flanking region of mdr1 gene. Together, these results highlight a key functional role of the TRPC5-NFATc3-P-gp signaling pathway in the development of multidrug resistance in cancer cells. A schematic illustration is shown in Fig. S14 . It has been well documented that a rise in [Ca 2+ ] i stimulates P-gp production in cancer cells (3, 4) . However, the molecular identity of Ca 2+ -permeable channels that were involved in the process is unknown. TRPC5 is a Ca 2+ -permeable nonselective cation channel. The channel plays an important role in neuronal growth cone extension (12, 22) , vascular smooth muscle migration (22) , and animal fear behavior (23) . The expression level of TRPC5 was reported to vary in different tissues/cells (22) . Excessive expression of TRPC5 channels has been shown to be associated with cardiovascular disorders (24) . In the present study we uncovered another function of TRPC5: its control of Pgp expression and multidrug resistance in drug-resistant cancer cells. Three different indexes for multidrug resistance were monitored, including P-gp expression level, adriamycin expulsion from cells, and adriamycin-induced cancer cell death. In adriamycin-resistant MCF-7/ADM cells, P-gp expression level was high, adriamycin accumulation was low and outside of the nucleus, and the cells were resistant to adriamycin-induced cell death. Inhibition of TRPC5 by T5E3, TRPC5-DN, TRPC5-siRNA, or 2-APB reversed all three of these multidrug resistance indexes. These data demonstrated that TRPC5 is a key protein that can control/regulate P-gp expression and multidrug resistance in the breast cancer cell MCF-7/ADM. TRPC5 may not be the only Ca 2+ -permeable channel that could affect P-gp expression. Orail-siRNA was also found to reduce the expression of P-gp, although the effect of Orai1-siRNA on P-gp expression was much smaller than that of TRPC5-siRNA.
We further examined the effect of TRPC5 inhibition on growth characteristics of human breast tumor xenografts in an athymic nude mouse model. Treatment of mice bearing human breast tumor xenografts with TRPC5 inhibitor T5E3, lenti-TRPC5-DN, TRPC5-siRNA, or 2-APB substantially inhibited adriamycin-and paclitaxel-resistant tumor growth. These results suggest that inhibiting/suppressing TRPC5 could be a means to reverse multidrug resistance in the animal model of human breast tumor. Among the four methods that were used to inhibit/suppress TRPC5, T5E3, lenti-TRPC5-DN, and TRPC5-siRNA are highly specific to TRPC5, whereas 2-APB is less specific. 2-APB has been commonly used to inhibit TRPC5 (16) , but it can also inhibit other TRPCs, such as TRPC1. In addition, it activates TRPV1-3 (25) . T5E3 is a blocking antibody that was designed to target the permeation pore of TRPC5 (11) and has been shown to selectively and effectively block TRPC5-mediated Ca 2+ entry and cation currents (11). TRPC5-DN carries mutations within the TRPC5 pore region, selectively disrupting the function of endogenous TRPC5 (12) . TRPC5-siRNA could effectively suppress the expression of TRPC5 (Fig. S5) . Therefore, the results from T5E3, lenti-TRPC5-DN, and TRPC5-siRNA were more reliable than those from 2-APB. Whether T5E3 and/or lenti-TRPC5-DN and/or TRPC5-siRNA can be developed into potential therapeutic tools to overcome the multidrug resistance in cancer chemotherapy still needs further investigation.
NFAT are Ca
2+
-dependent transcription factors. Their activation by Ca 2+ is mediated through the Ca 2+ -binding proteins calmodulin and calcineurin (21) . Previously, Ca 2+ entry through several other TRPC channels, including TRPC1, TRPC3, and TRPC6, has been shown to stimulate NFAT-dependent gene transcription (26, 27) . A putative NFAT binding site can be found in the 5′ flanking sequence of mdr1 gene. Thus, we explored the possible involvement of NFAT in TRPC5-mediated P-gp production. We found that treatment of MCF-7/ADM cells with NFAT inhibitor-VIVIT, FK506, or cyclosporin A-substantially reduced P-gp expression and caused adriamycin reaccumulation in nucleus. These NFAT inhibitors also reversed adriamycin resistance in MTT cell death assay. Several lines of evidence indicate that NFATc3 is particularly important. (i) Overexpression of NFATc3 stimulated the transcriptional activity of mdr1 gene in luciferase reporter assay; (ii) carbachol stimulation of TRPC5 induced a nuclear translocation of NFATc3; and (iii) deletion of a putative NFAT binding site at the 5′ flanking region (containing promoter and enhancer) of mdr1 gene abrogated the NFATc3-mediated activation of mdr1 gene transcription. These data strongly suggest that Ca 2+ entry through TRPC5 stimulates NFATc3 to enhance P-gp production.
In conclusion, our data demonstrated that TRPC5-mediated Ca 2+ entry, via NFATc3, stimulates P-gp overproduction in adriamycin-resistant MCF-7/ADM breast cancer cells. Inhibiting/suppressing TRPC5 could reverse the adriamycin resistance in these cancer cells and reduce the growth of tumor xenografts formed by these cancer cells.
Materials and Methods
Additional methods are described in SI Materials and Methods.
Luciferase Activity Assays. HEK293 cells stably expressing TRPC5 were transiently cotransfected with 0.2 μg reporter plasmid (mdr1-luc or ΔTTTTCC-mdr1-luc), 0.2 μg expression plasmid (NFATc3), and 0.04 μg pRL-CMV, using Lipofectamine 2000 reagent. After 48 h, cells were harvested for luciferase reporter assay.
Whole-Cell Patch Clamp. Whole-cell current was measured with an EPC-9 patch clamp amplifier as described elsewhere (28) . The holding potential was 0 mV, and current-voltage relationship was obtained using a ramp protocol from +100 mV to −100 mV, with 500-ms duration. [Ca 2+ ] i Measurement. A Ca 2+ -sensitive molecular construct, GECO1.2, was transfected into MCF-7/WT and MCF-7/ADM cells (14) . GECO1.2 fluorescence signals were measured at room temperature (∼23°C) using an Olympus fluorescence imaging system. Adriamycin Accumulation and NFATc3-GFP Translocation. Subcellular distribution of adriamycin and NFATc3-GFP was determined using a laser scanning confocal microscope.
In Vivo Tumorigenicity Assay. MCF-7/ADM cells were s.c. injected into the flanks of female nude mice (5 × 10 6 cells per mouse). When the tumors reached ∼200 mm 3 , nude mice bearing xenograft tumors were injected with adriamycin (3 mg/kg, i.p., once every 3 d). Animals were also injected once every 3 d at the tumor sites with TRPC5 antagonists; the injection was scheduled 1 d before adriamycin injection.
